The pinch-off of drops from the downstream end of plates is an important re-entrainment mechanism of condensate in compact condensers. The present experimental study complements a previous one [1] , in which ethanol and water drops were created for various mass densities and gas velocities at the downstream end of a plate that was fully wetted. In the present study, the effects of plate thickness and surface tension are studied with ethane drops detaching in ethane vapor flow at nearcritical conditions.
INTRODUCTION
Pinch-off of drops from the downstream end of plates is a dominant re-entrainment mechanism of condensate in compact condensers. Re-entrainment is usually to be avoided for various reasons. First of all, prolonged impaction of condensate drops can damage downstream piping and equipment. Secondly, it can be demonstrated [2] that evaporation of the re-entrained liquid reduces thermal efficiency of downstream heat exchangers.
The third reason to avoid re-entrainment arises when the heat exchanger is used as a gas-cleaning device. Compact polymer heat exchangers are well suited for cooling of aggressive and highly polluted gas streams. Adsorption of e.g. strong acids in the condensate results in cleaning of the gas [3] . Evaporation of re-entrained liquid results in return of pollutants from the condensate into the gas stream, greatly reducing overall mass transfer rates.
When humid gas condenses on a hydrophobic compact heat exchanger plate, small drops are formed. These drops grow due to coalescence and condensation. As the drops reach a certain size, gravity and vapor shear forces sweep the drop off the plate. As the drop slides over the vertical plate, it coalesces with smaller drops on its path, forming an even bigger drop. This drop in the end reaches the downstream edge of the plate, where it may slide down. When the drop size is critical, or is beyond, the drop pinches off. Because condensate reentrainment is caused by the pinch-off of drops from downstream ends of condenser plates, this pinch-off mechanism has been investigated for a single drop in a single plate mock-up in the presence of gas flow parallel to the plate.
The present experimental study complements a previous one [1] , in which ethanol and water drops were created for various mass densities and gas velocities at the downstream end of a plate that was fully wetted. In the present study, the effects of plate thickness and surface tension are studied with ethane drops detaching in ethane vapor flow at near-critical conditions. We varied the surface tension of the liquid-vapor interface by varying the temperature of the system close to the critical point of ethane. Again, gas mass flow rate is varied in quite some range in order to scan the prevailing detachment phenomena for low surface tension conditions. At relatively high vapor velocities, a new break-up mechanism is found, in which only one edge of the plate plays a role.
An analytical method for the prediction of drop size after detachment in otherwise quiescent vapor and for 90 degrees contact angle is presented. It is not based on linearizing the governing equation, but on a simplification of the drop shape. Predictions are compared with new experimental data and with numerical results by others. The predictive method for detachment drop size that was presented in the previous study [1] took account of the effect of flow on detaching drop size. It will be re-analyzed in order to accommodate for the effects of surface tension and plate thickness as well.
EXPERIMENTAL
The single plate test rig, which can be used at pressures of up to 60 bars, consists of a closed loop, a fan and a measurement section; see Fig. 1 . The test rig is filled with a mixture of gaseous and liquefied ethane. Temperature (T in Fig. 1 ) in the test rig is controlled, while the saturation pressure results from evaporation or condensation. Temperature is regulated using a heat exchanger upstream of the test section, electrical heating around the measurement section and a water bath surrounding the liquefied ethane storage vessel; residual fluctuations were less than 0.02 o C.
The flow velocity is measured both optically (particle tracking of seeding particles in a laminar flow area) and using a pitot tube (∆p in Fig. 1 ).
A schematic of the downstream end of the vertical plate, which has a thickness of 3 mm, is presented in Fig. 2 . The channel is 40 mm wide, 200 mm long and 10 mm high. The cross-sectional area upstream of the plate end varies by less that 10 %. Diffuse lighting from the back illuminates a drop, which is pendent from the downstream edge of the plate. Drop break-up is recorded using a high-speed video camera at frame rates between 500 and 2250 Hz with 256x256 pixels. More details about test rig and measurement and the thorough cleaning procedure are given in ref. [2] .
A drop on the downstream end of the test plate is produced by condensation, as a result of cooling the tubing above and upstream of the measurement section for about half a second. This produces ethane drops on the test plate that drip down the surface. Measurements have been performed at various temperatures up to 32 °C (in the vicinity of the critical temperature) and with various vapor velocities up to 0.7 m/s. The surface tension coefficient and other properties have been taken from the literature [4, 5, 6 ].
RESULTS

Pinch-off of ethane drops without forced flow
Pinch-off of drops in otherwise quiescent vapor has been studied at temperatures between 20.4 and 31.2 °C. The height and width of a drop at the moment of pinch-off have been measured. The radius of the foot of the drop, rfoot, is less than half the plate thickness, D/2. Depending on temperature, a drop grows in 1-10 seconds up to a size where surface tension forces can no longer balance the gravitational forces acting on the drop. The center of the drop contracts, and 3 parts are identified: a foot, connected to the plate at the top, a thinning column in the middle and a large drop at the bottom. The majority of the fluid of which the neck consists flows down, resulting in an increase of the size of the drop at the bottom. A typical example is presented in Fig. 3 .
Although the size of the drop depends on temperature, see Fig. 4 , the shapes of the drop at the moment of pinch-off are identical. After pinch-off, an oscillating drop (typical frequency 500 Hz) falls down and instabilities propagate upward through the neck. These instabilities grow until the neck breaks up, forming between 3 (31.4 °C) and 6 (20.4 °C) satellites. The smallest satellites usually coalesce later in the detachment process.
Pinch-off of ethane drops in forced convective flow
Pinch-off of ethane drops in forced convective flow has been studied at a temperature of 24.5 ± 0.1 °C and a pressure of 41 ± 0.2 bar. Vapor velocity has been varied between 0 and 55 cm/s. The pinch-off of 6 drops at vapor velocities under 10 cm/s has been recorded. The reproducibility of these experiments is high, and drop pinch-off strongly resembles the pinch-off at zero flow, described in section 3.1. The pinch-off of 5 drops at 16cm/s has been recorded; see the example of Fig. 5 . Reproducibility of this experiment decreases, but is still quite good. The drop is no longer rotationally symmetric, and irregularities in the shape of the neck have been found. The size of a drop after pinch-off is about 5 % smaller and the length of the neck at the moment of pinch-off has increased by about 25 %. Because the neck at the moment of pinch-off has a larger volume, the volume of the satellites, which are formed out of the neck, increases by 20-50%.
Drop pinch-off has been observed at 5 superficial vapor velocities between 30 and 55 cm/s. At each condition, break-up of at least 4 drops has been recorded and analyzed. Two different break-up mechanisms have been observed, both of which can occur at the same temperature, pressure and velocity. The first type is identical to the break-up mechanism at lower gas velocities. Before pinchoff, the pendent drop hangs from the middle of the downstream edge of the plate. The drop stretches, and the previously described shape with a main drop, a neck and a foot is observed. At higher gas velocities, the neck shape is less regular and after pinch-off the main drop is smaller, but characteristics are otherwise the same. This type is named center break-up.
The other type is named edge break-up for reasons shown by the typical example of Fig. 6 . A drop, pendent from the downstream edge of the plate, moves from the center of the plate towards the plate edge. The droplet subsequently elongates, until a filament with a small drop at the end remains. No foot is observed anymore. The filament and the main drop show unsteady irregular motion, while the filament thickness is approximately everywhere the same.
Rupture of the filament results in the formation of one main droplet and 10 or more satellites. The main droplet as well as its satellites moves horizontally, i.e. in a direction perpendicular to the main flow, unlike center break-up. At vapor velocities that exceed 35 cm/s a third mechanism of droplet formation is observed: the larger drop breaks apart after pinch-off. In this condition, the motion of small satellites reveals the presence of a recirculation zone behind the plate. The length of this recirculation zone increases from about twice the plate thickness at 42 cm/s to four times the plate diameter at 55 cm/s. At vapor velocities between 35 and 45 cm/s secondary break-up of a single drop results in the formation of two to five new drops. At vapor velocities in excess of 55 cm/s, usually more than ten droplets are formed.
Drop size after detachment
Average sizes of main drops pinching off via centre and edge break-up are presented in Fig. 7 . For both break-up types, drop size after pinch-off decreases with increasing vapor velocity. At identical conditions, average volume of drops formed via centre break-up is 3 to 5 times the average 
ANALYSIS
Main drop diameter without forced flow; effect of plate thickness
Gravitational and capillary forces dominate drop detachment from a horizontal plate without forced convection. The pendent drop shape is in this case determined by the Young-Laplace equation [7] , but in many cases it is close to an ellipsoid [8] . The Young-Laplace equation is nonlinear and can only be analytically solved after linearizing [7] . Because of the importance of analytical results for the prediction of detachment sizes we therefore adopt the ellipsoidal shape near detachment, and consider the forces acting on a half-ellipsoid with axes h and r foot , see Fig.  8 . Although the interface shape may differ near the foot of the drop, dependent on the substrate material (aluminum in this case), the half-ellipsoidal shape is presumably existing at detachment. The expression for the detaching volume that will analytically be derived will be corrected with the aid of experiments and a fitting factor.
So the radius of the foot of a hemi-ellipsoidal drop is r foot and its height h, see Fig. 8 . A radius, r eq , is defined by volume-equivalence to a hemisphere: r eq = (r foot 2 h) 1/3 (1)
For a hemispherical drop, r eq equals r foot , the radius of the hemisphere. The parameter that determines the pendent drop shape is the Bond number, defined by Bo = ∆ρ g r eq 2 / σ
with ∆ρ = ρ l − ρv the mass density difference between liquid and vapor. The numerical data of Chatterjee [8] for Bond numbers in the range 0-3 have been correlated to yield r foot / h = (1/ (-0.05 + 0.2952 Bo))
with an error of 5 % based on an estimate of the error in the data of Chatterjee. A detachment criterion for such a drop will now be derived, and subsequently validated with the aid of the experimental results. Let p v be the vapor pressure at the tip of the pendent drop. The pressure at the foot of the drop, at the wall, p i , is given by
A balance of forces on the half-ellipsoid yields (p v -p i ) r foot 2 + 2 r foot σ = 2 ∆ρ g r eq 3 /3.
Straightforward substitution yields the equation
where B=(r foot /h) 2 . The combining of Eq.'s (3) and (4) gives an equation in the unknown Bo, that is approximately satisfied for Bo = 3. Assuming that the maximum stable drop size is given by Bo=3, the shape at detachment follows from If all liquid in the half-ellipsoid would detach from the plate, the drop radius after detachment would be given by r eq /2 1/3 . Figure 9 shows a comparison of in this way predicted radii, using Bo=3, with measured ones for ethane at various saturation temperatures between 20 and 30 degrees Celsius. The actually observed drop radius is somewhat below the predicted one. The obvious explanation is the fact that liquid 3mm This is for detachment for drops in otherwise quiescent vapor, from underneath an aluminum plate with a thickness that exceeds the base width of the pendent drop. To determine whether or not the drop at detachment covers the entire plate thickness, the following Bond number for the plate is defined:
If r foot at detachment is less than D/2, which is half the plate thickness, Eq. (5) can be used to predict the detachment radius. This is the case when r foot , detachment < D/2, i.e. when 
The Bo plate -number of the ethane measurements of this paper is typically around 35, whereas those of the water and ethanol experiments of the previous paper [1] are below 5. The plate end has been fully wet in the last two cases, but not so in the present ethane measurements. This is in agreement with criterion (7). As explained in the previous paper [1] , a simplistic force balance yields a first estimate of the volume of a pendent drop that covers the bottom end of a plate with thickness D, i.e. for plate Bond numbers below the critical one, 6.3:
Equation (8) is often referred to as Tate's law. In the process of dripping from the plate, some of the liquid remains on the tip after the pendent drop breaks away. As a result, detaching drop volume is about 0.65 of 4πr eq 3 / 3, with r eq given by Eq. (8); see Middleman [7] . For plate Bond numbers in excess of 6.3, Eq. (5) is recommended instead of r detachment, v=0 = 0.866r eq , with r eq given by Eq. (8) .
The number of satellites decreases with increasing temperature, see section 3.1, probably as a result of the increased liquid viscosity at near-critical conditions.
Drop diameter after detachment in forced convection
In the previous publication about drop detachment [1] , it was shown that the Weber number is not the proper parameter to unify all velocity results for a given fluid. The following prediction procedure was proposed instead. The flow field downstream of the plate is characterized by the width of the plate, 3 mm, and by the Reynolds number Re pl = v 0.003 / ν, with ν the kinematic viscosity of the gas in m 2 /s and v the mean gas velocity in m/s. The drop diameter after detachment, d, was related to the drop diameter at zero gas velocity, d v=0 . A fit of the coefficient C in the following equation d/d v=0 = 1 -C Re pl (9) to ethanol data yielded C = (5.6 ± 0.6).10 -5 with r 2 -value 0.92 and F=145. In view of the variation in velocity this was found to be a surprisingly good fit. Detachment data for water were fitted to the same equation (9), with the result C = (2.9 ± 0.8).10 -5 with r 2 -value 0.65 and F=32.
In the previous paper it was not attempted to find a predictive correlation for the parameter C because of the limited data available, and the limited range of surface tension coefficient values: σ=22.10 -3 N/m for ethanolnitrogen and σ=72.10 -3 N/m for water-nitrogen. The obvious expectation, however, is that C would be approximately inversely proportional to surface tension: the less the coherent action by surface tension, the less force the gas needs to exert in order to yield a certain detachment drop size. The new data of ethane at near-critical conditions are particularly interesting because of the low values of surface tension. At 0.41 Mpa and 24.5 degrees C, for example, surface tension coefficient amounts to no more than 5.10 -4 N/m. The corresponding value of C in Eq. (9) is (1.4 ± 0.4).10 -3 with r 2 -value 0.84 and F-value 26; the relatively large spread is due to scatter in the data that is related to the occurrence of edge break up. The data used are for center break-up since this break-up mechanism is comparable to that occurring with ethanol and water. Let the effect of surface tension be represented by the Bond number Bo plate defined in Eq. (6) , where the error has 95 % reliability, as everywhere in this paper; see also Kline and McClintock [9] . Although this is a good fit (r 2 -value 0.996 and F=509) for Bond numbers ranging from 1 to 40, it would be useful to extend the data set on which the correlation is based. Nonetheless, the dependency on the Bond number shown by Eq. (10) is clear and in accordance with the expectations, as explained in the above. Shear forces on a drop, which is partially in and partially out of the recirculation zone, are large as a result of the large velocity gradients. This causes the already irregularly shaped drops to deform even more, until they break into a multitude of smaller ones, or until some protrusions break off forming separate droplets. This explains the small drop sizes found in edge break-up (section 3.2).
CONCLUSIONS
The pinching-off of drops from the downstream end of condenser plates is found to be important to avoid corrosionerosion and loss of heat transfer and gas cleaning efficiency. Experiments have been performed with a single drop in a single polymer plate mock-up in the presence of gas flow parallel to the plate. The study presented is a follow-up of a previous one [1] , in which ethanol and water drops were created for various mass densities and gas velocities at the downstream end of a plate that was fully wetted. In the present paper, the effects of plate thickness and surface tension have been studied with ethane drops detaching in ethane vapor flow at near-critical conditions for various gas mass flow rates. At high vapor velocities, a new break-up mechanism is found. The position of the drop foot underneath the plate is unstable, and detachment may occur from the center or from one of the two edges of the plate end. As a consequence, the detachment drop size bifurcates.
An analytical method for the prediction of drop size after detachment in otherwise quiescent has been presented and compared with experimental findings. A Bond number, Bo plate , based on the plate thickness, D, has been defined and it is found to have a critical value of around 6. In order to account for the effect of vapor flow parallel to the plate, the correlation of the previous study [1] 
